Cystic kidney diseases are a global public health burden, affecting over 12 million people 1 . Although much is known about the genetics of kidney development and disease, the cellular mechanisms driving normal kidney tubule elongation remain unclear 2, 3 . Here, we used in vivo imaging to show for the first time that mediolaterally oriented cell intercalation is fundamental to vertebrate kidney morphogenesis. Unexpectedly, we found that kidney tubule elongation is driven in large part by a myosin-dependent, multicellular rosette-based mechanism, previously only described in Drosophila melanogaster. In contrast to findings in Drosophila, however, non-canonical Wnt and planar cell polarity (PCP) signaling is required to control rosette topology and orientation during vertebrate kidney tubule elongation. These data resolve long-standing questions concerning the role of PCP signaling in the developing kidney and, moreover, establish rosette-based intercalation as a deeply conserved cellular engine for epithelial morphogenesis.
An outstanding challenge is to understand how the dynamic behavior of individual cells, acting collectively, remodels the developing kidney tubule epithelium and how defects in this process lead to cystogenesis. Although recent advances in imaging have begun to elucidate the mechanisms of branching morphogenesis in the kidney 4 , a similar understanding of tubule elongation has not emerged. Mechanisms proposed for tubule elongation include convergent extension cell movements 5, 6 and oriented cell divisions 7 . However, debate continues because tubule elongation is an inherently dynamic process, and previous studies have relied on the analysis of static images from fixed tissue [5] [6] [7] . A related and unanswered question in both normal kidney morphogenesis and the pathogenesis of kidney cysts concerns the role of the PCP signaling system 5, 8 . PCP signaling is of particular interest, as it has been shown to govern both convergent extension and oriented cell division in a variety of biological contexts 9 . In light of these two outstanding problems, we undertook studies to discern the mechanisms by which PCP signaling controls the dynamic behavior of kidney tubule epithelial cells during vertebrate development.
In a previous study, we proposed that PCP-mediated convergent extension drives kidney tubule elongation 5 , but the cellular mechanism by which this convergent extension may occur remained unknown. Immunostaining of developing mice for E-cadherin at embryonic day (E) 15.5 identified the presence of multicellular rosettes in the kidney tubule collecting duct epithelium (Fig. 1) . Such multicellular rosettes have been observed previously in vertebrate epithelia, but their function has remained unknown 10, 11 . By contrast, the function of multicellular rosettes has been well defined in the Drosophila germ band epithelium, where such rosettes are essential for the cell rearrangements that drive convergent extension 12 . In that tissue, concerted shrinkage of mediolateral cell-cell boundaries leads to the formation of multicellular rosettes, which then resolve at a perpendicular angle. Thus, cells are repositioned in such a way as to elongate and narrow the tissue (Fig. 1a,b) 12 .
Determining the function of multicellular rosettes in the kidney tubule epithelium requires dynamic analysis and live imaging of nephron elongation at single-cell resolution. To meet this challenge, we exploited a vertebrate animal model in which the molecular patterning of the embryonic nephron is highly conserved compared to mammals 13, 14 and in which the large size of tissues and cells has consistently allowed exceptional access to individual-cell behaviors in vivo [15] [16] [17] . The embryonic kidney of the frog Xenopus laevis consists of only a single giant nephron (Fig. 2a) , and its structural and functional segmentation compares well with that of mammalian nephrons (ref. 14 and Supplementary Fig. 1) . Moreover, the tissue architecture of Xenopus kidney tubules during elongation reflects that of the mammalian kidney: cells align mediolaterally, and the number of cells spanning the tubular circumference decreases as the tubule elongates Vertebrate kidney tubules elongate using a planar cell polarity-dependent, rosette-based mechanism of convergent extension (Fig. 2b-d, Supplementary Fig. 2 and Supplementary Movie 1) . Notably, multicellular rosettes form in Xenopus kidney tubules, and the number of cells per rosette was similar in Xenopus and mouse (Fig. 1c,d ). The parallels in functional segmentation, cellular architecture and rosette topology between Xenopus and mammals suggest that Xenopus will be a useful model for studying the dynamics of kidney tubule elongation.
We therefore developed a method for the in vivo imaging of kidney tubule elongation in Xenopus by combining targeted expression of membrane-tethered green fluorescent protein (GFP), confocal microscopy and custom software for image processing and analysis ( Supplementary  Fig. 3 and Supplementary Note). Using this method, individual cells within the nephron could consistently be identified and tracked over long periods of time in vivo (Fig. 3a,  Supplementary Fig. 4 and Supplementary Movie 2). We observed that cells within the elongating nephron underwent repeated rounds of intercalation (interdigitation) along the axis perpendicular to the elongating tubule. Such mediolateral cell intercalations were most apparent when rows of roughly adjacent cells were marked and followed over time ( Fig. 3b  and Supplementary Movies 3 and 4) . Although suggested by previous work with fixed mammalian tissue 5 , these results provide the first direct demonstration that vertebrate kidney tubules elongate by convergent extension and that this convergent extension is driven by planar polarized mediolateral cell intercalation.
Notably, our time-lapse data also confirmed that the multicellular rosettes observed in fixed tissue are, in fact, dynamic structures (Fig. 3c,d and Supplementary Movie 5). In Drosophila, such dynamic rosettes form and resolve in perpendicular orientation, thus driving the narrowing and elongation of the germ band (Fig. 1b) 12 . Consistent with a similar, causal role for multicellular rosettes in the morphogenesis of kidney tubules, the formation angle of rosettes that we observed was strongly biased mediolaterally, whereas the angle of rosette resolution was strongly biased perpendicularly, along the proximodistal axis (Fig. 3e,f) . These data provide the first demonstration that multicellular rosette formation and resolution is a deeply conserved cellular mechanism associated with epithelial convergent extension in both insects and vertebrates.
In addition to the dynamics of multicellular rosettes, elongation of the Drosophila germ band is also driven in part by lower order (four-cell) polarized junctional remodeling events termed type 1 (shrinking junctions) to type 3 (expanding junctions) transitions (Supplementary Fig. 5a ) 18, 19 . We observed similar four-cell transitions in elongating kidney tubules, but, in contrast to the multicellular rosettes, the orientation of these transitions was not polarized at the stages observed ( Supplementary Fig. 5b,c) . In Drosophila, type 1 to type 3 transitions predominate early during germ band elongation, with multicellular rosettes predominating at later stages 12 ; however, in vivo imaging at earlier stages of kidney development in Xenopus proved impossible due to higher tissue opacity. Our data l e t t e r s npg l e t t e r s therefore suggest a key role for multicellular rosettes at the stages examined, although we cannot rule out a role for type 1 to type 3 transitions earlier in development. These results are especially noteworthy because they suggest that multicellular rosette formation and four-cell transitions are under independent molecular control in the kidney tubules, consistent with recent data from Drosophila 20 .
Our time-lapse data identify rosette behaviors in the developing vertebrate kidney that are markedly similar to those observed in the Drosophila germ band. However, rosettes in Drosophila have been characterized by focusing on the apical surface, whereas, for technical reasons, our imaging approach requires a focus on more basal regions. We therefore sought to perform mechanistic studies to advance our comparison of kidney tubule rosette behaviors in Xenopus to those in Drosophila (Fig. 4) . Rosette-based intercalation in Drosophila requires the mediolaterally polarized action of The outer circle represents 50%, the middle circle 22% and the inner circle 4% of total observations. Rosettes form predominantly in a mediolateral angle (e), whereas resolution is biased toward a proximodistal angle (f). 12) . Accordingly, immunostaining showed that active (phosphorylated) myosin II was likewise enriched specifically along mediolaterally oriented cell-cell boundaries in the elongating kidney epithelium in vivo (Fig. 4a-c and Supplementary Fig. 6 ). Moreover, treatment with the myosin II inhibitor blebbistatin 21 markedly decreased both the number of multicellular rosettes (Fig. 4f and Supplementary  Movies 6 and 7) and the topological complexity of these rosettes (Fig. 4i) . Notably, these defects were associated with failed nephron morphogenesis (Fig. 4g,h) . Tubule length in blebbistatin-treated embryos was shorter than in controls, whereas tubule diameter and the number of cells spanning the tubule circumference were significantly greater, consistent with a defect in convergent extension (Supplementary Fig. 6 ). Apical-basal epithelium height was not significantly changed (Supplementary Fig. 6e) , suggesting a specific role for myosin II in cell rearrangements. Finally, in vivo time-lapse imaging showed that blebbistatin suppressed the mediolateral cell intercalations normally observed in kidney tubules at these stages (Fig. 4d,e  and Supplementary Fig. 6f ). Taken together, these data demonstrate that myosin-dependent, rosette-based cell intercalation is an ancient cellular mechanism for convergent extension and that it is employed by the elongating vertebrate nephron.
This deep conservation of a rosette-based mechanism driving convergent extension is quite unexpected and is at odds with the observation that PCP signaling controls kidney tubule elongation 5, 8, 22 , as mutations affecting core PCP proteins do not disrupt rosette-based cell intercalation in Drosophila 23 . To explore the link between PCP signaling and multicellular rosette formation, we initially examined mice with a conditional deletion of Wnt9b in the kidney tubules. These mice show defects in PCP-mediated kidney tubule convergent extension 5 , and, notably, we found that they also showed a significant reduction in the topological complexity of multicellular rosettes. In wild-type, control kidneys, roughly 30% of observed rosettes contained five cells, 7% contained six cells and 2% contained seven cells ( Fig. 1d and Supplementary Fig. 7a) . Loss of Wnt9b completely eliminated seven-cell rosettes and reduced the numbers of five-and six-cell rosettes in the mouse kidney tubules; the number of four-cell vertices increased correspondingly (Supplementary Fig. 7a ). Because such reductions in the topological complexity of multicellular rosettes consistently correlate with defective tissue elongation in Drosophila 12, 20 , the similar correlation in mouse kidney tubules suggested a potential link between PCP signaling, multicellular rosette topological complexity and convergent extension.
To further explore this hypothesis, we inhibited PCP signaling in the Xenopus kidney, specifically during the period of tubule elongation, npg l e t t e r s using targeted expression of a hormone-inducible version of Xdd1, a PCP-specific dominant-negative form of dishevelled-2 ( Fig. 5 and Supplementary Fig. 8 ). This approach elicited a significant reduction in nephron elongation, as well as corresponding increases in tubule diameter and the number of cells spanning the tubule circumference (Fig. 5a,b) , defects that parallel those observed in Wnt9b-mutant mice (Supplementary Fig. 9 ) 5 . Notably, expression of Xdd1 disrupted rosette topology in Xenopus in a manner mirroring that seen with loss of Wnt9b in the mouse (Supplementary Fig. 7a,b) .
In light of the similar topology defects with PCP disruption in both animals, we turned again to live imaging in Xenopus to better understand the role of PCP signaling in the dynamic control of multicellular rosettes. In vivo imaging of the Xenopus kidney tubules showed that disruption of PCP signaling not only elicited defects in topology but also disrupted the orientation of multicellular rosettes. After expression of Xdd1, the angle of rosette formation was significantly less biased toward the mediolateral axis than were the corresponding angles in control embryos expressing membrane-targeted GFP alone (Fig. 5d) . Far more notable, however, was the observation that resolving rosettes completely failed to orient along the long axis of the tubule (Fig. 5e and Supplementary  Movie 8) . Indeed, most rosettes resolved in the same mediolateral orientation in which they formed (Fig. 5c) .
In Drosophila, rosette formation occurs when a group of cells coordinately shrink their mediolaterally oriented cell-cell boundaries, whereas rosette resolution involves coordinate elongation of proximodistally oriented boundaries (Fig. 1a) 12 . We therefore assessed the effect of PCP disruption on the orientation of shrinking and elongating cell-cell boundaries in the developing kidney tubule epithelium. In the nephron, as in Drosophila germ band epithelium 18, 19 . Shrinking cell-cell boundaries were strongly oriented along the mediolateral axis (Fig. 5f,g ), whereas expanding junctions were more randomly distributed, with many boundaries expanding proximodistally (Fig. 5f,h) . Notably, we found that Xdd1 expression did not significantly affect the orientation of shrinking boundaries but strongly suppressed any proximodistally oriented boundary elongation (Fig. 5i,j) .
In summary, the data here provide, for the first time to our knowledge, a dynamic demonstration of the cellular basis of vertebrate kidney tubule elongation. These results are important in establishing the multicellular rosette mechanism for cell intercalation as a deeply conserved cellular engine for epithelial morphogenesis. Moreover, our data also show for the first time that in vertebrates this morphogenetic engine is under the control of an equally ancient molecular polarizing system, the PCP network. We find that, in the kidney tubule epithelium, PCP proteins control both the topology of rosettes and the ability of rosettes to resolve in an orientation perpendicular to their formation. These phenotypes suggest a role for PCP signaling in governing the action of myosin II because we found that myosin II is essential for rosette formation in the kidney, as it is in the Drosophila epithelium. Indeed, PCP signaling has previously been linked to myosin II activation in Drosophila and Caenorhabditis elegans 24, 25 .
Finally, by showing directly that vertebrate kidney tubules elongate by convergent extension cell movements, our live-imaging studies resolve an important and outstanding question in kidney morphogenesis. Our data strongly suggest that similar mechanisms act to drive kidney tubule elongation in Xenopus and mouse and thus can explain the elongation of kidney tubules during prenatal stages when the orientation of cell divisions is not aligned 5 . Thus, defects in rosette-based intercalation suggest a likely etiology for congenital kidney cyst formation associated with defective PCP signaling. Finally, increased cell intercalations have been proposed to restore normal tubule diameter in mouse models with cysts arising from defects in oriented cell division 6 . As such, our new insights into the cellular basis of intercalation shed new light on a mechanism that could potentially be manipulated for therapeutic purposes.
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Xenopus culture and microinjections. Oocytes obtained from hormoneinduced Xenopus females were fertilized in vitro. Embryos were cultured in 0.3× Marc's modified Ringer (MMR; 100 mM NaCl, 2 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 5 mM HEPES, pH 7.4)). Injections with mRNA were performed in blastomeres C2 and C3 at the 8-to 32-cell stage. The inducible Xdd1 construct (Xdd1-GFP-GR) was cloned by inserting the sequence encoding Xdd1 into a modified pCS2+MT-GR vector (a gift from E.J. Bellefroid) and by replacing the sequence encoding the Myc tag with one encoding GFP. To induce Xdd1 activation, embryos were cultured in 10 µM dexamethasone in 0.2% ethanol in 0.3× MMR from stages 33 to 37. Plasmids were linearized with NotI, and mRNA was in vitro transcribed using the SP6 mMessage mMachine kit (Ambion). The institutional animal committee of the University Hospital Freiburg and the local authorities (Regierungspräsidium Baden-Württemberg, Germany) approved all experiments.
Immunostaining and analysis. Xenopus embryos were fixed at the indicated stages in MEMFA (0.1 M MOPS, 2 mM EGTA, 1 mM MgSO 4 , 3.7% formaldehyde, pH 7.4) and stained with primary antibodies to β-catenin (Santa Cruz Biotechnology, sc-7199), phosphorylated histone H3 (Santa Cruz Biotechnology, sc-8656-R) or phosphorylated S20 myosin light chain (Abcam, ab2480) and Alexa Fluor 488-conjugated secondary antibody to rabbit (Invitrogen) or Cy3-conjugated secondary antibody to mouse (Jackson ImmunoResearch) or with fluorescein-coupled L. esculentum (tomato) lectin (Vector Laboratories). We used 4′,6-diamidino-2-phenylindole (DAPI) to stain nuclei. After dehydration in methanol, embryos were cleared in Murray's clear (2 parts benzyl benzoate and 1 part benzyl alcohol) and imaged on an inverted Zeiss 5 LIVE DuoScan microscope using a 40× oil immersion objective. Threedimensional reconstruction, cell rendering and optical cross-sectioning were performed in Imaris Version 7.1 (Bitplane). Mouse kidney tubules were processed and stained as described 5 . Antibody to rat E-cadherin (Zymed, 13-1900; 1:500 dilution) was used to label cell membranes.
Time-lapse confocal imaging and image analysis. Embryos were treated with 0.0003% 1-phenyl-2-thiourea (PTU) after hatching to inhibit pigment formation. Stage 35 or 36 embryos were incubated in 0.3× MMR containing 0.0003% PTU and 0.01% ethyl 3-aminobenzoate, methanesulfonic acid salt (MS-222) for time-lapse analysis. Embryos were kept in 2-× 9-well µ-Slides (ibidi), and confocal imaging was performed on an inverted Zeiss LSM 4 microscope equipped with a movable table and a 25× glycerol immersion objective (numerical aperture (NA) of 0.8). The MultiTime Macro 26 or a customized macro for tracing moving objects was employed to correct for growth and sudden movement and for parallel recording of multiple embryos. For blebbistatin treatment, cells were labeled with membrane-targeted red fluorescent protein (memRFP) to avoid cytotoxicity 27 . We added 2% DMSO or 200 µM blebbistatin in 2% DMSO 30 min before recording in two-chamber slides (ibidi) for parallel imaging. Confocal stacks were acquired at 3-to 5-min intervals.
Huygens Professional (Scientific Volume Imaging) and Imaris (Bitplane) were used for image analysis in addition to customized algorithms. For rosette angle measurements, participating cells were labeled and were followed forward and backward in time to detect changes in the relative positioning of cells. Connecting lines between the two most distant cells relative to the tubular lumen were defined as the formation and resolution angles and were measured with ImageJ software on snapshot images. For measurement of angles and length-width ratios, ImageJ software was used.
Heartbeat compensation. In later developmental stages, the heartbeat of the embryo leads to periodic slight deformations of the whole sample. Due to the confocal scanning pattern, this produces severe discontinuities of the structures in the z direction (Supplementary Fig. 10a ). We compensated for these discontinuities by an elastic deformation of each slice, where, for each pair of consecutive slices, the pixel correspondences were found by a dense diffeomorphic registration 28 . The results with this correction are shown in Supplementary Figure 10b . Details are given in the Supplementary Note.
Cell border enhancement and decreasing noise. Because the cell border is a plane-like structure in three dimensions, we made use of anisotropic diffusion to enhance local consistency in structure and suppress noise. The diffusion tensor, which enhances plane-like structures, is constructed from the local Hessian matrix. The results with this correction are depicted in Supplementary  Figure 11 . Further details are given in the Supplementary Note. Cell layer extraction. The visible cells of the kidney tubule build a curved single-cell layer. To ease further analysis, this layer was projected into a two-dimensional image. A standard maximum-intensity projection (Supplementary Fig. 12a ) is suboptimal and hides important details, especially in regions where the cell borders are not perpendicular to the viewing direction. Therefore, we instead estimated the position of the tubule cell layer (Supplementary Fig. 12b ) by searching for sharp edges and cut a single curved slice from the data set (Supplementary Fig. 12c,d ). In the extracted slice (Supplementary Fig. 12e ), all cell borders were clearly visible. Further details are given in the Supplementary Note. Drift compensation (stabilization). The growing embryo moves over time. This movement must be compensated for in the analysis. The displacement of two successive data sets is estimated by a normalized cross-correlation of their maximum-intensity projections. Stabilization of the whole time series is then performed by transforming each frame with the cumulative displacements. Further details are given in the Supplementary Note. Semiautomated cell tracking. Cell tracking was performed on the stabilized cell layer slices that were extracted from the filtered images. Tracking backward in time helps to avoid the ambiguities that appear as a consequence of cell divisions. The cell centers in the last frame were extracted by searching for local gray-value minima in the filtered images, which have a minimum distance of the minimal cell diameter (here, 4 µm). The detector was restricted to the desired tubular structures by a manually defined mask. The few erroneous detections (false positives and false negatives) were manually corrected. Each cell center was tracked backward in time by searching for the trajectory that gave the best compromise between following the dense optical flow (computed either via high-accuracy optical flow 29 or diffeomorphic registration 28 ) and passing through the local gray-value minima. In a final validation step, all trajectories were manually inspected and corrected, if necessary. Further details are given in the Supplementary Note. Segmentation. Automatic segmentation was generated by a marker-controlled watershed algorithm, using the tracked cell centers as seed points. However, segmentation from the simple watershed was not sufficiently accurate in most frames. To improve segmentation, temporal consistency was explored. On the basis of flow vectors computed for semiautomated cell tracking, segmentations were aligned and examined for consistency in consecutive frames. A simple voting scheme was implemented to decide the correct segmentation from one frame and its neighboring frames. This procedure made cell segmentation nearly perfect for most regions with normal contrast (Supplementary Fig. 13 ). Finally, segmentation was further refined, for the relevant regions, by manually guiding the marker-controlled watershed through a graphical user interface (GUI) to correct some mislocated cell borders.
Rosette detection. Rosettes were defined as a configuration of at least five cells that shared a vertex with a maximum length of 3 µm ( Supplementary  Fig. 14a,b , white circle). We developed a fully automated method for rosette detection that works directly on the filtered cell layer images and does not rely on the cell tracking and marker-controlled segmentation steps.
In the first step, candidates for rosette centers are identified in an oversegmented image (Supplementary Fig. 14c ). The oversegmentation is created by standard watershed segmentation on the filtered cell layer image. By assuming that the oversegmentation always produces one or more segments per cell but never accidently joins two cells of a rosette, we can reliably find all rosette center candidates, requiring that (i) the rosette center must be located close to a watershed line (here, a maximal distance of 1 µm was selected); (ii) there are five or more different segments in a circle (radius = 5.25 µm) surrounding the rosette center ( Supplementary Fig. 14d) ; and (iii) the image intensity at the rosette center is higher than a threshold that is determined by the Otsu method 30 on the full image.
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For all rosette center candidates, the surrounding image patch (extracted from the raw image) was compared to a rosette model that consisted of five (or more) radial rays (Supplementary Fig. 14f-k) . The individual similarity scores were written into a detection map (Supplementary Fig. 14e ). By applying a threshold of 0.5 to this detection map, only a few false positive were still detected. In a subsequent manual post-processing step, we removed the remaining false positives and joined detected centers in consecutive frames that belonged to the same rosette. Further details are given in the Supplementary Note. Statistical analysis. Statistical analysis was performed using SigmaStat (Systat Software). Circular statistics and rose plots were generated in Oriana 2.0 (Kovach Computing Service). The frequency of observations in rose plots is represented by the area of each wedge. The concentric circles correspond to the observed frequencies. The Mardia-Watson-Wheeler test determines the probability that two samples are from the same population of angular measurements. It was used to determine a difference between circular distributions, with signficance defined as P < 0.05. All experiments were repeated at least three times.
